Mixotrophic growth of the facultatively autotrophic acidophile Thiobacillus acidophilus on mixtures of glucose and thiosulfate or tetrathionate was studied in substrate-limited chemostat cultures. Growth yields in mixotrophic cultures were higher than the sum of the heterotrophic and autotrophic growth yields. Pulse experiments with thiosulfate indicated that tetrathionate is an intermediate during thiosulfate oxidation by cell suspensions of T. acidophilus. From mixotrophic growth studies, the energetic value of thiosulfate and tetrathionate redox equivalents was estimated to be 50% of that of redox equivalents derived from glucose oxidation. Ribulose 1,5-bisphosphate carboxylase (RuBPCase) activities in cell extracts and rates of sulfur compound oxidation by cell suspensions increased with increasing thiosulfate/glucose ratios in the influent medium of the mixotrophic cultures. Significant RuBPCase and sulfur compound-oxidizing activities were detected in heterotrophically grown T. acidophilus. Polyhedral inclusion bodies (carboxysomes) could be observed at low frequencies in thin sections of cells grown in heterotrophic, glucose-limited chemostat cultures. Highest RuBPCase activities and carboxysome abundancy were observed in cells from autotrophic, C02-limited chemostat cultures. The maximum growth rate at which thiosulfate was still completely oxidized was increased when glucose was utilized simultaneously. This, together with the fact that even during heterotrophic growth the organism exhibited significant activities of enzymes involved in autotrophic metabolism, indicates that T. acidophilus is well adapted to a mixotrophic lifestyle. In this respect, T. acidophilus may have a competitive advantage over autotrophic acidophiles with respect to the sulfur compound oxidation in environments in which organic compounds are present.
The acidophilic thiobacilli are capable of autotrophic growth in extremely acidic environments. Their ability to oxidize various inorganic sulfur compounds is of fundamental interest because of the extreme acid tolerance of some of the periplasmic enzymes involved in these reactions. The biochemical activities of these bacteria are also of considerable economic importance. For example, oxidation of metal sulfides by Thiobacillus ferrooxidans is applied on a large scale for the biological leaching of metal ores (19) . However, the pathways involved in the oxidation of sulfur compounds by the acidophilic thiobacilli are still poorly understood (for a review, see reference 22a).
Studies into the physiological mechanisms involved in growth and substrate oxidation by the obligately autotrophic Thiobacillus species are hampered by the low growth yields of these organisms. Facultative autotrophs provide an attractive alternative model system for physiological studies. The facultative autotroph T. acidophilus is capable of heterotrophic growth on glucose and various other simple organic compounds (7, 22) . Autotrophic growth can be supported by a variety of inorganic sulfur compounds (7, 15, 20) and formate (J. T. Pronk, P. de Bruijn, J. P. van Dijken, P. Bos, and J. G. Kuenen, Arch. Microbiol., in press). The organism has been used to study mechanisms involved in ApH maintenance under acidic growth conditions (15, 16, 28, 29) . Its physiological characteristics also make T. acidophilus an attractive model organism to study the enzymology of acidophilic sulfur compound oxidation (22a) .
Facultatively autotrophic acidophiles such as T. acido-* Corresponding author.
philus are not only interesting because of their suitability as model organisms. The presence of acidophilic heterotrophs can increase the performance of metal-leaching operations (26) , probably by preventing the accumulation of toxic organic compounds (9, 22, 26) . We have recently studied the mixotrophic growth of T. acidophilus on glucose and the C1 compounds formate and formaldehyde (Pronk et al., Arch. Microbiol., in press). As observed with other facultative autotrophs, mixotrophic growth yields were higher than the sum of the heterotrophic and autotrophic growth yields. Mason and Kelly (14) reported that mixotrophic growth of T. acidophilus on glucose and tetrathionate also led to an increase of growth efficiency. However, their mixotrophic chemostat studies were limited to one glucose/tetrathionate ratio. Therefore, no quantitative comparison could be made of the energetics of the mixotrophic utilization of inorganic sulfur compounds and C1 compounds.
The aim of the present study was to investigate the energetics of mixotrophic growth of T RuBPCase. Cell extracts for Ribulose 1,5-bisphosphate carboxylase (RuBPCase) assays were prepared as described previously (22) . RuBPCase was assayed by the method of Beudeker et al. (1) .
Electron microscopy. Preparation of culture samples for electron microscopy was done by the method of Handley et al. (8) . Ultrathin sections were studied in a Philips EM 201 electron microscope.
Chemicals. Ribulose 1,5-bisphosphate was obtained from Sigma, and [14C]NaHCO3 (2.11 TBq mol-1) was from Amersham International PLC. Sodium thiosulfate pentahydrate was obtained from J. T. Baker Chemicals, Deventer, The Netherlands. Anhydrous potassium tetrathionate was obtained from Fluka AG, Buchs, Switzerland. All other chemicals were reagent grade and obtained from commercial sources.
RESULTS
Autotrophic and mixotrophic growth on thiosulfate. Mixotrophic growth of T. acidophilus was studied in substratelimited chemostat cultures grown at a dilution rate of 0.05 h-1 and at pH 3.0. At this pH, thiosulfate is unstable at millimolar concentrations (12) . The residual thiosulfate and tetrathionate concentrations in the chemostat cultures were lower than the detection limit of the cyanolysis assay (approximately 10 ,uM). At these low concentrations, chemical decomposition of thiosulfate was negligible (data not shown). The thiosulfate concentration in the reservoir medium, which was adjusted to pH 7.5, did not change during the experiments (data not shown).
Attempts to grow T. acidophilus autotrophically on thiosulfate at D = 0.05 h-1 were unsuccessful, in accordance with the observation of Mason et al. (15) that the maximum growth rate of T. acidophilus on thiosulfate was below 0.05 h-'. However, steady-state cultures could be obtained at D = 0.03 h-'. The observed biomass yield at this dilution rate was 6.0 g mol of thiosulfate-'. This yield is in good agreement with a yield of 5.5 g mol1 found at D = 0.025 h-1 by Mason et al. (15) . No effect on the biomass yields was observed when the cultures were sparged with air containing 5% (vol/vol) carbon dioxide, indicating that the cultures were not carbon limited.
In contrast to autotrophic cultures, which washed out at dilution rates above 0.03 h-1, mixotrophic utilization of thiosulfate was observed at a dilution rate of 0.05 h-1. Thiosulfate was completely oxidized to sulfate at this dilution rate up to a molar ratio of thiosulfate/glucose of 14.
Addition of thiosulfate to the reservoir medium of glucoselimited chemostat cultures resulted in an increase of the biomass concentration in the cultures. At thiosulfate/glucose ratios below 5, the biomass density in the cultures increased linearly with the influent thiosulfate concentration (Fig. 1) . At thiosulfate/glucose ratios above 5, the increase of the biomass concentration corresponded with the autotrophic growth yield on thiosulfate (Fig. 1) .
The influent glucose and thiosulfate concentrations of the chemostat cultures did not significantly influence the carbon and protein contents of the biomass, which remained at 49 1 and 69 + 2%, respectively.
Oxidation of thiosulfate. Cells of T. acidophilus pregrown in heterotrophic, glucose-limited chemostat cultures exhibited significant rates of thiosulfate-dependent oxygen uptake (22) (Fig. 2) . Thiosulfate-dependent oxygen uptake rates increased during mixotrophic growth on glucose and thiosulfate (Fig. 2) . Thiosulfate oxidation by cell suspensions from mixotrophic chemostat cultures exhibited a typical biphasic pattern. After an initial rapid oxygen uptake, during which approximately 0.25 mol of oxygen was consumed per mol of thiosulfate, oxygen uptake continued at a lower rate. The oxygen uptake rates in the second phase corresponded to the rates of tetrathionate oxidation by the cell suspensions. The explanation of this phenomenon becomes evident from Fig.  3 . During the first phase of thiosulfate oxidation, a nearquantitative conversion to tetrathionate occurred, in accordance with the observed biphasic oxygen uptake patterns.
Mixotrophic growth of T. acidophilus on glucose and thiosulfate led to an increase of the tetrathionate-dependent oxygen uptake rates of cell suspensions (Fig. 2) . The latter oxygen uptake rates were almost identical to the rates required for complete oxidation of thiosulfate via tetrathio- nate in the chemostat cultures. In contrast, the maximum rates of thiosulfate-dependent oxygen uptake by cell suspensions were much higher than the actual thiosulfate oxidation rates observed in the chemostat cultures.
Also, the rates of substrate-dependent oxygen uptake with the inorganic sulfur compounds trithionate, sulfide, and elemental sulfur increased during mixotrophic growth on glucose and thiosulfate (data not shown).
Mixotrophic utilization of tetrathionate. As discussed above, experiments with cell suspensions suggested that tetrathionate is an obligatory intermediate during the oxida- tion of thiosulfate by T. acidophilus. Only one of the eight electrons available from the complete oxidation of thiosulfate to sulfate is derived from the initial formation of tetrathionate. If tetrathionate is indeed an obligatory intermediate during thiosulfate oxidation by T. acidophilus, it can be expected that the energetic value of the redox equivalents derived from thiosulfate and tetrathionate oxidation will be similar.
In a recent study, Mason et al. (15) reported that the molar growth yield of T. acidophilus in tetrathionate-limited, autotrophic chemostat cultures was 2.3-fold higher than the molar growth yield in thiosulfate-limited chemostat cultures. This would imply that the energetic value of tetrathionate redox equivalents is 1.3-fold higher than those derived from thiosulfate oxidation. This conclusion is in apparent contradiction with our conclusions regarding the role of tetrathionate as an intermediate during thiosulfate oxidation. To investigate the energetic value of tetrathionate redox equivalents, mixotrophic utilization of glucose and tetrathionate was studied.
The addition of tetrathionate to the reservoir medium of glucose-limited chemostat cultures led to an increase of the biomass yields. The increase of the biomass yield per mole of redox equivalents was identical to that observed with thiosulfate as an energy source (Fig. 4) .
RuBPCase activities and polyhedral bodies. Many (facultatively) autotrophic bacteria that use the Calvin cycle for CO2 fixation contain typical polyhedral inclusion bodies. Since in all species studied these organelles have been demonstrated to contain active RuBPCase (EC 4.1.1.39), they are commonly referred to as carboxysomes (3) . It has recently been reported that elemental sulfur-grown T. acidophilus cells also contain polyhedral inclusion bodies (13) . However, there are no data in the literature on the regulation of carboxysome synthesis in T. acidophilus. The RuBPCase activity of 43 nmol min-1 mg of protein-1 in cell extracts of thiosulfate-limited, autotrophic chemostat cultures was sufficient to account for the observed rate of inorganic carbon fixation in the cultures (31 nmol min-' mg of protein-'). Polyhedral inclusion bodies were abundant in cells from thiosulfate-limited chemostat cultures (data not shown). However, the organelles were not observed in all sections. This can be explained from the fact that they were typically located in the center of the cells (Fig. 5) . The mean diameter of the organelles, measured in various thin sections of fixed cells, was 100 ± 10 nm. Both RuBPCase activities in cell extracts and the abundancy of polyhedral bodies increased when autotrophic cultures were grown under CO2 limitation (Table 1, Fig. 5 ).
As reported previously (22), T. acidophilus retained significant activities of RuBPCase during heterotrophic growth in glucose-limited chemostat cultures (Table 1 ). In addition to this, polyhedral inclusion bodies similar to those in autotrophic cultures could be observed at a low frequency in thin sections (Fig. 5) . Mixotrophic growth on glucose and thiosulfate led to an increase of the RuBPCase activities in cell extracts (Table 1) . Furthermore, polyhedral inclusion bodies were more abundant than in cells from heterotrophic chemostat cultures (data not shown). DISCUSSION Energetics of mixotrophic growth. During mixotrophic growth of facultatively autotrophic bacteria, CO2 assimilation is in most cases strictly regulated (4, 6) . Under heterotrophic growth conditions, or at low ratios of inorganic and organic substrates, C02-assimilating activity is not expressed. In such cultures, the inorganic substrate is used to enhance heterotrophic carbon assimilation. As a result, the cell yields on the organic substrate increase up to the theoretical limit of organic carbon assimilation (88% conversion of glucose carbon into biomass [5] ). A further increase of the inorganic substrate concentration does not lead to a situation of energy excess, since under such conditions autotrophic C02-assimilating capacity is induced. As demonstrated by Gommers et al. (5) , this situation is encountered with T. versutus (growth on acetate and thiosulfate [6] ) and Pseudomonas oxalaticus (growth on acetate and formate [4] ).
At first sight, the same situation seems to apply for T. acidophilus grown mixotrophically on glucose and thiosulfate. Also in this case, the relation between the thiosulfate/ glucose ratio and the biomass yields was biphasic (Fig. 1) . At thiosulfate/glucose ratios of <5, autotrophic CO2 fixation did not seem to occur, since the growth yields were higher than the sum of the heterotrophic and autotrophic growth yields (Fig. 1) . Autotrophic CO2 fixation set in before the theoretical limit of glucose assimilation was reached, as judged from the fact that the further increase of the biomass yields paralleled the autotrophic growth yield on thiosulfate (Fig.   1 ).
When T. acidophilus is grown mixotrophically on formate and glucose, autotrophic growth sets in when glucose assimilation reaches its theoretical maximum (Pronk et al., Arch. Microbiol., in press). The difference between mixotrophic growth on glucose and formate and results in the present study may be found in the fact that redox equivalents from formate can enter the electron transport chain at the level of NADH (Pronk et al., Arch. Microbiol., in press). Redox equivalents from thiosulfate probably enter the electron transport chain at the level of cytochrome c. With the latter substrate, reversed electron transport is therefore required for NAD or NADP reduction. The fact that, as judged by the growth pattern shown in Fig. 1 , maximum assimilation of glucose is not reached with thiosulfate as an additional energy source may therefore reflect a shortage of low potential redox equivalents for biosynthesis.
Cell extracts from heterotrophic cultures and from mixotrophic cultures grown at low ratios of thiosulfate to glucose contained significant RuBPCase activities (Table 1) . Theoretically, this enzyme could be involved in actual in vivo CO2 assimilation. However, if these RuBPCase activities in cell extracts were indicative of in vivo CO2 assimilation, a strictly biphasic curve as shown in Fig. 1 would not be expected. The apparent contradiction between growth yields and RuBPCase activities in cell extracts suggests that RuBPCase synthesis is not the only site of regulation of autotrophic CO2 assimilation. For example, in vivo RuBPCase activity might be regulated by intracellular metabolite concentrations. Alternatively, another step in inorganic carbon metabolism (CO2 uptake, phosphoribulokinase) may be the site of control of CO2 fixation in vivo.
When it is postulated that, indeed, at low ratios of thiosulfate/glucose, thiosulfate was used exclusively to increase the efficiency of glucose assimilation, a quantitative comparison can be made of the energetic value of the redox equivalents derived from the oxidation of glucose and thiosulfate. At thiosulfate/glucose ratios below 5, the increase of the biomass concentration as a result of thiosulfate addition was 9.79 g mol of thiosulfate-1 or 1.22 g mol of redox equivalents-' (Fig. 1) . The molar growth yield of T. acidophilus in glucose-limited chemostat cultures grown at D = 0.05 h-1 and pH 3.0 was 59 g mol of glucose-1 or 2.46 g mol of redox equivalents-'. Thus, the energetic value of thiosulfate redox equivalents was only (1.22/2.46) x 100 = 50% of that of the redox equivalents from glucose oxidation.
The energetic value of tetrathionate redox equivalents did not differ significantly from those derived from thiosulfate (Fig. 4) . We have recently also studied the mixotrophic growth of T. acidophilus on glucose and formate (Pronk et al., Arch. Microbiol., in press). The energetic value of formate redox equivalents was 75% of that of glucose redox equivalents, or 50% higher than those from thiosulfate and tetrathionate (Fig. 4) . The low growth yields of T. acidophilus in heterotrophic cultures (22) may be caused by a low efficiency of the proton-translocating respiratory chain. In T. acidophilus, formate redox equivalents may enter the respiratory chain at the level of NAD (Pronk et al., Arch. Microbiol., in press). If it is assumed that active uptake of formate is coupled to the inward translocation of one proton, the relative efficiency of formate and thiosulfate redox equivalents is compatible with H+/O ratios of 4 (10, 22a) .
In addition to an increase of the growth efficiency ( Fig. 1 (3, 11) and the apparent coordinate regulation of RuBPCase activities and inclusion body abundancy suggest that the T. acidophilus inclusion bodies are carboxysomes. Attempts to isolate carboxysomes from T. acidophilus by a procedure described for T. neapolitanus (11) were unsuccessful.
With the exception of T. denitrificans, carboxysomes have been detected in all obligately autotrophic Thiobacillus species studied (3). In the facultatively autotrophic thiobacilli, carboxysomes are less ubiquitous. The organelles have been detected in the facultative autotrophs T. intermedius and T. acidophilus, but not in T. versutus and T. novellus (13) . Regulation of carboxysome synthesis has been studied in batch cultures of T. intermedius. Both RuBPCase activity and carboxysomes were observed after autotrophic growth on thiosulfate, but not in cultures which had been grown heterotrophically on yeast extract (23) . In contrast to these observations, carboxysomes could be observed at low frequencies in heterotrophically grown cells of T. acidophilus (Fig. 5) .
The regulation of RuBPCase activity in T. acidophilus is less strict than in other facultatively autotrophic thiobacilli. The retention of significant RuBPCase levels during heterotrophic growth (22) (Table 1 ) may reduce the time required for adaptation to autotrophic growth. Also, the retention of sulfur compound-oxidizing capacity under heterotrophic growth conditions suggests that T. acidophilus is well adapted to growth in rapidly changing environments.
As observed in other thiobacilli (1, 3) , RuBPCase activities and carboxysome abundancies in cell sections appeared to be correlated. This observation suggests a physiological role of carboxysomes in CO2 assimilation by T. acidophilus. Several physiological functions of carboxysomes have been proposed in the literature, including protection of RuBPCase from oxygen and a function as RuBPCase storage bodies (3). Its metabolic versatility (7, 22) makes T. acidophilus well suited for further studies into the regulation and function of carboxysome synthesis.
